Spatial heterogeneity is a feature common to many ecosystems. Aquatic organisms typically exhibit this heterogeneous distribution but to date little is known about the distribution of many common parasite species within water bodies. In this study the distribution of Argulus foliaceus (L.), an ectoparasitic crustacean, on different sized hosts within a mixed species fish community was determined. Different fish species exhibited differences in their louse burdens (prevalence and intensity). The highest prevalence of A. foliaceus was observed on fish species dominated by larger individuals (i.e. Cyprinus carpio, Abramis brama and Tinca tinca). C. carpio and A. brama also exhibited the highest mean louse intensities. Infested fish were generally heavier than uninfested conspecifics. Differences in the weight of uninfested and infested fish were significant (P<0.05) for the whole fish community samples and the Scardinius erythrophthalmus, A. brama and C. carpio samples. There was also a general pattern of increasing infestation intensity with an increase in host body weight, with significant correlations for the whole fish community for S. erythrophthalmus, A. brama and C. carpio samples. In addition there were significant differences in parasite prevalence and intensity between different host weight groups and larger (heavier) fish appeared to be more prone to infestation by A. foliaceus.
Introduction
Identifying the characteristics that result in observed abundance and distribution patterns of organisms is one of the central goals of ecology (Poulin 1999b) . Within infested host populations, parasite species often show a heterogeneous, highly-dispersed pattern with many individual hosts harbouring very few parasites and very few hosts harbouring large numbers (Poulin 1993 and references therein) . One of the main questions associated with this observation is: why do certain individuals exhibit higher levels of infestation than others? Factors determining observed infestation characteristics are typically complex and may be based on a variety of factors including morphological, physiological, behavioural, immunological or nutritional characteristics (Mustafa et al. 2005) . Bandilla et al. (2005) suggested that for the fish louse Argulus coregoni Thorell (Crustacea, Branchiura) on rainbow trout (Oncorhynchus mykiss Walbaum), infestation characteristics were determined, at least in part, by ecological and/or behavioural characteristics of the parasite as well as the host.
They demonstrated that these characteristics led to an increased exposure risk to infective stages of the parasite for some individuals and suggested that differences in susceptibility linked, for example, to immune competence, were less important in determining observed infestation levels.
The size of individual hosts has also been shown to influence parasite distribution within a host population. Grutter (1994) found a positive correlation between host fish length and gnathiid parasite loads. Rózsa (1997) showed that wingfeather mite abundance correlates with the body mass of their bird hosts. Poulin (1999b) demonstrated that for copepod ectoparasites of fish both parasite prevalence and intensity correlate positively with host body size. However, Poulin (2000) showed that the nature of the relationship between intensity of infection and host size depends on the individual host and parasite species involved.
From a parasites perspective, individual hosts are unequivocally islands (Kuris et al. 1980) . Using the MacArthur and Wilson (1967) island biogeography theory we would predict that larger hosts are likely to harbour more parasite species and higher numbers of individual parasites than smaller hosts (Kuris et al. 1980 and references therein) . This is due to the probability that a larger host has the potential for a higher availability of resources. In addition, larger hosts are frequently older (Kuris et al. 1980 ) with a longer period of exposure to parasites. However, this parasite accumulation theory is probably not valid for parasites that frequently change hosts, as is the case for intermittent parasites, or micropredators such as ectoparasitic fish lice.
LaMarre and Cochran (1992) suggest that parasites may be size selective and, as a result, host species preferences may be confounded with the effects of host size. Even if active selectivity is not apparent, then the fact that they attach to the hosts surface may mean that just by chance, larger hosts, providing a larger surface area, are attacked relatively more often than smaller hosts (Cochran 1985) . Adult fishes frequently exhibit different habitat preferences to their juvenile counterparts. LaMarre and Cochran (1992) state that because of these possible effects on host-selectivity, any study on host species preferences should control, or account for, host size.
Argulus foliaceus (L.) has been found on a wide range of freshwater fish species and is therefore frequently described in the literature as being a generalist parasite, non-selective in its choice of hosts (Kearn 2004) . However, this could simply be the result of host availability. In situations where equal numbers of equal sized hosts are present at the same time, host species preferences of A. foliaceus may become more apparent. Mikheev et al. (1998) studied this situation on roach, Rutilus rutilus (L.), and perch, Perca fluviatilis (L.), and found that perch were generally favoured over roach. There are only a few studies investigating host preferences by A. foliaceus and this could be due in part to its universal acceptance as a generalist. In this study on the distribution of A. foliaceus in a multi-species fish community, we address the question: are larger (heavier) fish more likely to be infested by Argulus foliaceus?
Materials and methods

Fish sampling
Sampling took place in a lake of a mixed commercial coarse fishery in SW England (OS grid reference: SX456751) during the late spring and summer months of the year 2002, the seasons when A. foliaceus is known to be most abundant (Walker et al. 2004) . Angling methods were used for sampling fish for the following reasons: (1) the fishery owner wished it; (2) the authors felt this method of fish capture caused the least disturbance to the environment; (3) it did not cause excessive damage to the fins, scales, mucous layer and epidermis of the fish; (4) it reduced the risk of parasites being 'rubbed' off during capture; (5) several regions of the fishery and several species of fish could be targeted simultaneously by using several anglers. During each sampling trip several different areas were fished and within each area anglers would fish at several depths and positions during the course of the day. Upon capture all fish were placed on a pre-wetted, white mat to aid spotting of dislodged parasites, and handled with wet hands to minimise damage to the epithelium and protective mucous layer. The eyes of larger fish were covered with a damp cloth to help calm the fish during parasite collection.
Parasite collection
The external surfaces including buccal and gill cavities of all fish were examined thoroughly for Argulus individuals which were gently removed from their host using a set of blunt forceps. The total number of parasites collected from each fish was recorded along with the fish species and weight (g).
Data analysis
Differences between the average weight of infested and uninfested hosts were analysed with Student t-tests calculated in INSTAT. Where multiple pair-wise comparisons were conducted a Bonferroni-Holme correction was applied. A Spearman rank correlation test was used to examine the relationship between host weight and parasite intensity. This test is nonparametric and is more applicable when data do not fit a Gaussian distribution as was the case here. Spearman rank correlation tests were also calculated in INSTAT.
Parasite prevalence (= the proportion of the host sample that was infested) with better exact confidence limits and mean intensity (= the average number of lice per infested fish, excluding the zero values for uninfested fish) with bootstrap confidence limits as recommended by Rózsa et al. (2000) , were calculated using Quantitative Parasitology 3.0 (QP 3.0: Reiczigel and Rózsa 2005) . Chi-square test (prevalence all fish) or Fishers exact test (prevalence individual species) were used to test for differences between the parasite prevalence of different groups and differences were deemed significant if the 2-sided P-value was <0.05. Bootstrap 2-sample t-tests were used to test for differences between the mean infestation intensity of different groups. In each case 10,000 bootstrap replications were used and differences were deemed significant when the 2-sided bootstrap P-value was <0.05. Bootstrap t-tests and Fisher's exact test were calculated using QP 3.0 (Reiczigel and Rózsa 2005).
Results
Rudd Scardinius erythrophthalmus (L.), common bream Abramis brama (L.), tench Tinca tinca (L.), crucian carp Carassius carassius (L.) and common carp Cyprinus carpio carpio (L.) were caught during sampling. Table I shows the number of individuals of each fish species caught on each sampling date. The total number of individuals of each species caught and their mean weight are given in Table II . Rudd (38.9%) and common carp (35.6%) were far more numerous than the other species, accounting for approximately 75% of the total portion of the samples. The fish size class distribution varied considerably within the community and between species (Fig. 1) . The fish samples appeared to be dominated by fish of <200 g although the very large fish (>500 g) also made up a significant portion. The rudd population was dominated by very small fish (#50 g) with no fish >300 g being caught. The bream population was dominated by fish in the 101-200 g category which was similar for crucian carp. Bream #50 g were not caught. There were relatively few small fish (#100 g) in the tench samples. The carp catches appeared to be dominated by two size groups, 101-200 g and >500 g. No carp #50 g were caught.
All fish species harboured individuals infested with A. foliaceus. Prevalence of A. foliaceus differed significantly (P<0.001) between species (Table II) . Intensities differed significantly between bream and crucian carp (P = 0.002), carp and crucian carp (P<0.0001) and carp and tench (P<0.0001) (Table II) . After the application of a Bonferroni-Holme correction the differences between rudd and crucian carp (P = 0.03), and bream and tench (P<0.019) were not significant although there was an obvious trend towards a higher infection intensity in rudd than in crucian carp and in bream than in tench.
The mean weight of infested fish was consistently higher than that of uninfested fish in all cases (Fig. 2) . The differences between infested and uninfested groups were statistically significant (P<0.05) for all fish together, and rudd, bream and carp, respectively, but not significant for tench and crucian carp (P>0.05). Figure 3A -F shows the relationship between fish weight and infestation intensity on individual fish from each of the host groups. Significant correlations for 167 
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host size and number of lice were found for all fish and for rudd, bream and carp sub-groups (Table III) . Correlation scores reflected a strong relationship between host size and number of lice for all fish and carp and bream sub-groups (Table III) . The relationship was less strong for rudd (Table   III) . Correlations were not significant for crucian carp or tench as was reflected in their low r-values (Table III) . Louse prevalence and intensity increased with increasing weight of the hosts (Figs 4 and 5) . Louse prevalence in the whole fish community differed significantly between host size classes (Chi-square statistic = 63.211, 5 df, P<0.0001). Mean intensities however only differed significantly between 51-100 g and >500 g (P<0.0001), 101-200 and >500 g (P<0.0001), 201-300 g and >500 g (P = 0.0003) and 301-400 g and >500 g groups (P = 0.0002). All three size groups in the rudd samples were infested with lice (Table IV) . Prevalence increased with increasing weight and the difference in parasite prevalence between groups was statistically significant (P<0.001). Mean intensity also increased with increasing host weight. Intensity data was only suitable for comparison for the 51-100 g and 101-200 g groups and here the differences were not statistically significant (P>0.05).
For bream differences between louse prevalence of the different size groups were statistically significant (P<0.001). Infestation intensity showed a trend towards higher intensities on larger fish although the intensity for the >500 g size group was less than half that of the 401-500 g size group. No sig-169 nificant differences were found between the infestation intensities of the different size groups although this could be due to small sample sizes. For crucian carp no significant difference was found between the prevalence (P>0.05) or intensities (P>0.05 in all cases tested) of the different weight classes. Sample sizes for tench did not allow for meaningful statistical comparisons (Table IV) .
All weight classes of carp were infested with lice (Table  IV) . Prevalence of lice on the different weight classes differed significantly (P<0.05). Infestation intensities showed a general trend of increasing with increasing host weight. Differences 170 in infestation intensity between weight classes were however only significant between 51-100 g and >500 g (P<0.0001), 101-200 g and >500 g (P<0.0001), 201-300 g and >500 g (P = 0.002) and 301-400 and >500 g (P = 0.002) groups. Parasite burden (number of lice/g) showed a trend of decreasing as host weight increased (Fig. 6) . The data fit an exponential power curve. A Spearman rank (r s ) correlation test demonstrates a very significant (P<0.0001) negative correlation (r s = -0.76, corrected for ties; 95% confidence intervals = -0.82 to -0.68).
Discussion
The species encountered and size ranges were consistent with those that the fishery owner claimed to be stocked. Size ranges did not match those expected from a wild fish population (Bone et al. 1995) and this is due to the fact that this is a manmade, artificially stocked lake. Carp exhibited the highest mean weight. This species is deliberately favoured by coarse fisheries around the UK due to its ability to grow to large sizes relatively quickly.
The differences in louse prevalence and intensity between species suggest a preference of A. foliaceus for certain host species. Interestingly, carp appear to be the preferred host which is in agreement with Kollatsch (1959) and supports the use of the common name for A. foliaceus, the carp louse. Availability of hosts could be a factor influencing the distribution of A. foliaceus. However, rudd was the most frequently encountered fish species from the lake (followed closely by carp) and this species exhibited the lowest prevalence of A. foliaceus. In addition, tench were encountered the least often and yet this species exhibited the second highest prevalence of A. foliaceus. The high prevalence on tench is also in agreement with observations made by Kollatsch (1959) . This suggests that factors other than the number of available hosts within a water body are responsible for louse distributions within the fish community.
The higher mean weight of infested fish compared to uninfested fish indicates an increased risk of infestation with A. foliaceus for larger hosts. Differences were not significant for tench or crucian carp but it should be noted that these species were found in relatively low numbers (Table I ) and it may be that samples were biased due to this. This is supported by the relationship between host weight and infestation intensity as illustrated by the scatter plots (Fig. 3A-F) .
Prevalence of lice on different size classes generally showed significant differences, typically with larger host size classes exhibiting a higher prevalence. The low number of individuals from each size class for crucian carp and tench makes these analyses less reliable. For the other three species and the host community as a whole however the pattern is relatively consistent, with larger fish typically exhibiting a higher prevalence and infestation intensity of A. foliaceus.
Throughout the literature various measures of host size are reported, e.g. length, weight and surface area. When estimating infection intensities, number of lice per unit of surface area is the most desirable method. However, accurately measuring this parameter for large numbers of fish under field conditions is typically not practical and therefore other measures of size are frequently used instead. We chose weight as this parameter correlates with surface area to a higher degree than standard length for fish according to Tucker et al. (2002) and O'Shea et al. (2006) .
Ectoparasitic infestations generally show an increase in infestation intensity with an increase in host size (Tucker et al. 2002) . This is probably related to the greater surface area available for attachment (Dogiel et al. 1958) . However, Todd et al. (2000) reported that there is no significant relationship between host size and infestation levels for wild adult Atlantic salmon (Salmo salar L.) and the ectoparasitic copepod Lepeophtheirus salmonis Krryer. Tucker et al. (2002) showed that under experimental conditions larger fish acquired more lice but the relative density (number of lice per cm -2 ) of lice was higher on smaller fish. Poulin et al. (1991) also demonstrated that host size, rather than host behavioural traits, determined the intensity of ectoparasitic infestations of Salminicola edwardsii (Olsson, 1869) on Salvelinus fontinalis (Mitchill, 1814) . We also found that relative lice density (number of lice per gram body weight) was higher on smaller fish than on their larger counterparts. The debate over whether to use length or weight to estimate parasite burdens remains unresolved in the literature but the general consensus is that surface area is the best measure, at least for external parasites such as lice, and weight correlates more closely with this variable than length in the majority of cases (O'Shea et al. 2006) . Poulin and FitzGerald (1987) concluded that A. funduli Krryer (incorrectly identified as A. canadensis Wilson; see Poulin 1999a) were not size selective in their attachment to sticklebacks. However, Gasterosteus wheatlandi Putnam infested with the copepod Thersitina gasterostei Pagenstecher were significantly longer and heavier than uninfested individuals. LaMarre and Cochran (1992) suggest that the fact that A. japonicus Thiele readily attached to very small fish (34-62 mm long) only days after having been attached to carp of 1-2 kg suggests that neither host size nor host species is of overriding importance in host selection.
Our data provide evidence that in general A. foliaceus show a higher prevalence and intensity on larger fish. To our knowledge this is the first paper to report on host size preferences by this species of Argulus. Poulin and FitzGerald (1987) suggest that it may be adaptive for A. funduli to parasitize smaller hosts because larger hosts capture and eat more free swimming parasites and the lice require more time and energy to penetrate the thicker skin layer of larger hosts. Mikheev et al. (2000) came to the conclusion that juvenile roach and perch usually avoid free swimming A. foliaceus. It is not known if adult fish exhibit the same behaviour. In addition, smaller fish generally occur in larger schools which may result in a dilution effect as shown by Poulin and FitzGerald (1989) .
We propose that a combination of factors including physical characteristics (e.g. increased surface area for attachment and for visual location by parasites) and behavioural traits related to parasite detection and avoidance are responsible for observed parasite distributions amongst their hosts rather than a process of active size selection by A. foliaceus. However, our study does not enable us to conclude whether A. foliaceus is actively size selective or not.
From this investigation we conclude that larger fish are more likely to be infested with A. foliaceus. We hypothesise that this is due to the fact that larger fish are easier for A. foliaceus to locate and attach to, due to their greater surface area. However, parasite burdens generally seem to be higher on smaller fish. Therefore, whilst larger fish may demonstrate an increased risk of infestation due to their size, the consequences of infestation may be more significant for smaller fish. In addition, we propose that behavioural differences related to parasite detection and avoidance may also be responsible, at least in part, for the observed parasite distributions.
